Abstract.-An important parameter f o r deciding whether o r n o t a SME a l l o y is s u i t a b l e f o r p r a c t i c a l a p p l i c a t i o n s i s t h e magnitude of t h e s t r a i n r e v e r s a l accompanying m a r t e n s i t e r e v e r s i o n . This r e s e a r c h i s concerned w i t h e l u c id a t i n g m e t a l l u r g i c a l f a c t o r s t h a t cause degradation of t h i s h e a t -a c t i v a t e d recovery s t r a i n , ER. A f t e r e x p l a i n i n g what i s meant by degradation, two m a n i f e s t a t i o n s of degradation r e c e n t l y i d e n t i f i e d i n near-monotectoid ,
, 6 .95% w a s reduced from a v a l u e of 5.25% to 1.3% when t h e h e a t i n g r a t e was decreased from 40 deg/sec t o 0.05 deglsec. Degradation was a t t r i b u t e d t o a change i n t h e transformation path and t h e i n t e r j e c t i o n of time-dependent, low temperature aging r e a c t i o n s .
uranium-niobium a l l o y s w i l l be described. The f i r s t was a s s o c i a t e d w i t h t h e o n s e t of p l a s t i c deformation of t h e m a r t e n s i t e beyond t h e r e v e r s i b l e s t r a i n l i m i t , EL; a r e d u c t i o n of ER from 5.25% a t 8% t o t a l s t r a i n , i . e . EL, t o 2.9% a t 12% t o t a l s t r a i n was observed. A second t y p e of degradation depended s t r o n g l y on t h e h e a t i n g r a t e d u r i n g r e v e r s i o n ; t h e ER f o r an imposed s t r a i n of
Introduction.-The shape memory e f f e c t (SME) observed i n c e r t a i n a l l o y s involves a c y c l i c sequence of e v e n t s t h a t begins by cooling t h e a l l o y from a n e l e v a t e d temperat u r e , TI, t o a lower temperature, T2 such t h a t , i n t h e process a m a r t e n s i t i c phase transformation occurs. Next, s t r e s s i s a p p l i e d a t T2 causing a r e o r i e n t a t i o n of t h e m a r t e n s i t e v a r i a n t s and a r e s u l t i n g s t r a i n . F i n a l l y , t h e deformed m a r t e n s i t e i s reheated t o TI t r i g g e r i n g phase r e v e r s i o n and a n accompanying s t r a i n r e v e r s a l .
The n e t s t r a i n remaining i n a u n i a x i a l l y deformed a l l o y a f t e r completion of t h e SME c y c l e can be w r i t t e n a s where EC i s t h e thermal c o n t r a c t i o n s t r a i n due t o cooling from T1 t o T2, E, i s t h e t o t a l s t r a i n imposed by a p p l i c a t i o n of s t r e s s t o t h e m a r t e n s i t e a t T2, and Ev i s t h e "spring back" s t r a i n recovered when s t r e s s is r e l e a s e d . I n t h e r e h e a t p o r t i o n of t h e cycle, t h e s t r a i n is separated i n t o two components; EE i s t h e thermal expansion s t r a i n due t o h e a t i n g from T2 t o T1 i n t h e absence of any s t r a i n and ER i s t h e r e v e r s a l a s s o c i a t e d only w i t h t h e r e v e r s i o n of t h e s t r a i n -b i a s e d m a r t e n s i t e . The thermal s t r a i n s EC and EE a r e g e n e r a l l y equal i n magnitude and o p p o s i t e of s i g n , hence Eqn. 1 reduces t o
The minus s i g n s i n f r o n t of Ev and ER i n d i c a t e t h a t they a r e o p p o s i t e i n d i r e c t i o n t o E,. I n t h e i d e a l c a s e where an SME a l l o y e x h i b i t s only r e v e r s i b l e behavior, EN^^ would be zero. When during t h e deformation o r r e h e a t i n g s t a g e of t h e c y c l e , however p l a s t i c deformation modes a r e a c t i v a t e d , E, w i l l be greated than I E~ + ~d and EN^^ *Work supported i n p a r t by t h e U. S. Dept. of Energy under Contract W-7405-eng-26.
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can b e designated a s Ep, t h e p l a s t i c s t r a i n . Thereupon Eqn. 2 can b e w r i t t e n For each SME a l l o y , a r e v e r s i b l e s t r a i n l i m i t EL e x i s t s where t h e o p e r a t i v e , r e v e r s i b l e deformation modes become exhausted and beyond which p l a s t i c deformation processes predominate.
The magnitude of EL i s determined by t h e n a t u r e of t h e Bain s t r a i n a s s o c i a t e d w i t h t h e m a r t e n s i t e transformation and t h e o r i e n t a t i o n of p a r e n t phase c r y s t a l axes r e l a t i v e t o t h e applied s t r e s s a x i s . I n a p o l y c r y s t a l l i n e aggregate EL would be an average of t h e d i f f e r e n t c o n t r i b u t i o n s of t h e i n d i v i d u a l g r a i n s and would depend on t h e n a t u r e of g r a i n i n t e r a c t i o n s and t h e e x t e n t of p r e f e r r e d o r i e n t a t i o n s i n t h e m a t e r i a l .
An i d e a l l y behaving SME c y c l e can be c h a r a c t e r i z e d a s one i n which Ep = 0 f o r E, 2 EL. There can, however, b e o p e r a t i v e m e t a l l u r g i c a l f a c t o r s t h a t cause a degradation o r d e c r e a s e of SME. Degradation would r e s u l t , f o r example, when s i g n i f i c a n t Ep o c c u r s prematurely, i . e . b e f o r e E, reached EL. I n t h i s c a s e ER + E, E,. One s o u r c e of degradation was e v i d e n t i n t h e work of Schroeder, e t a 1 (1) who concluded t h a t t h e presence of p a r e n t phase g r a i n boundaries r e s t r i c t e d ER. They found t h a t f o r a given s t r a i n , s i n g l e c r y s t a l s of a Cu-Zn a l l o y e x h i b i t e d a l a r g e r ER than d i d p o l y c r y s t a l l i n e specimens.
Recent s t u d i e s by Baumgart, e t a 1 ( 2 ) , Vandermeer, e t a 1 ( 3 ) , and Miyazaki, e t a 1 (4) found t h a t ER increased w i t h i n c r e a s i n g s t r a i n , reached a maximum v a l u e a t s t r a i n s approximately equal t o EL and then decreased a t higher amounts of s t r a i n . These f i n d i n g s c l e a r l y demonstrated t h a t SME p r o p e r t i e s d e t e r i o r a t e d when p l a s t i c deformation became t h e dominant deformation mode. Degradation i n t h i s c a s e meant t h a t f o r E, > EL; ER + Ev < EL. I n a d d i t i o n , Baumgart, e t a 1 (2) showed t h a t degradation was more s e v e r e when m a r t e n s i t e r e v e r s i o n was accomplished under a super-imposed e x t e r n a l s t r e s s .
I n r e c e n t y e a r s much i n t e r e s t i n developing SME a l l o y s a s working components i n p r a c t i c a l devices h a s emerged ( 5 ) . The u s e f u l n e s s of any SME a l l o y i s determined i n l a r g e p a r t by t h e magnitudes of ER and EL. I n m u l t i p l e c y c l e a p p l i c a t i o n s , degradation of ER could have s e r i o u s i m p l i c a t i o n s regarding t h e u s e f u l l i f e t i m e of such a device. There i s a need, t h e r e f o r e , t o i d e n t i f y t h e v a r i o u s s o u r c e s of SME degradation.
This paper r e p o r t s on t h e d e t e r i o r a t i o n of t h e SME t h a t was manifested when
t h e r a t e of h e a t i n g during m a r t e n s i t e r e v e r s i o n was v a r i e d from 40°C/s down t o 0.05 deg.C/s i n a uranium + 5.2 wt% niobium a l l o y . Experimental measurements of E,, ER, and Ep a r e presented f o r an a" m a r t e n s i t e s t r a i n e d d i f f e r e n t amounts. The ER was i n c r e a s i n g l y degraded a s t h e h e a t i n g r a t e was decreased. A q u a l i t a t i v e r a t i o n a l iz a t i o n of t h i s behavior i n terms of i n t e r a c t i o n s from low-temperature time-dependent phase transformations i s presented.
Experimental Procedure.-A uranium + 5 . 2 wt% niobium a l l o y was prepared by i n d u c t i o n melting t h e a p p r o p r i a t e amounts of uranium (Derby grade) and commercial uranium + 6 wt% niobium a l l o y scrap. The molten a l l o y was c a s t i n t o 18 kg. s l a b s , homogenized a t 1375 K f o r 21.6 k s , h o t worked t o p l a t e a t 1075 K i n t h e BCC ' y phase and waterquenched t o room temperature. Rod-shaped specimens f o r mechanical t e s t i n g and heata c t i v a t e d s t r a i n recovery measurements were machined from t h e p l a t e , s o l u t i o n h e a t t r e a t e d f o r 7.2 k s a t 1075 K under vacuum and water-quenched t o form a" m a r t e n s i t e . The f u l l y m a r t e n s i t i c r o d s were deformed i n u n i a x i a l t e n s i o n t o v a r i o u s s t r a i n s between 1 and 13% a t room temperature and unloaded. The s t r a i n r a t e was 8.3 x I O -~S -~ Values of E, and Ev were determined from t h e s t r e s s -s t r a i n curves. Four c y l i n d r i c a l specimens were c u t from t h e gauge s e c t i o n of each s t r a i n e d rod. Heat-activated mart e n s i t i c phase r e v e r s i o n was monitored w i t h t h e Theta I n d u s t r i e s D i l a t r o n i c 111 Research Model d i l a t o m e t e r ; l e n g t h and temperature were measured continously during i n d u c t i v e h e a t i n g under vacuum t o 1100 K a t a programmed l i n e a r h e a t i n g r a t e of e i t h e r 40, 4, 0.8 o r 0.05 deg.C p e r sec. The method by which ER was e x t r a c t e d from t h i s d a t a i s d e t a i l e d i n r e f e r e n c e (3).
Results.-When quenched from t h e elevated temperature y-phase, near-monotectoid U-Nb a l l o y s transform displacively i n a two-step r e a c t i o n sequence (6) :
.
The l a s t s t e p i s m a r t e n s i t i c i n nature with an Ms = 548K (275°C) and MF -348K (75°C) determined d i l a t o m e t r i c a l l y (7).
In t h e U + 5.2 w t % Nb a l l o y t h e low s t r a i n t e n s i l e deformation of a" was characterized by s t r e s s -s t r a i n curves e x h i b i t i n g a double "knee" and by an a n e l a s t i c unloading response a t a l l s t r a i n s studied. This behavior was q u a l i t a t i v e l y s i m i l a r t o t h a t reported e a r l i e r (3) f o r a U + 6.25 w t % Nb a l l o y .
An example of t h e e f f e c t of temperature and heating r a t e on t h e s t r a i n rev e r s a l p a t t e r n s associated with martensite reversion a f t e r deformation i s shown i n Fig. 1 f o r a remnant s t r a i n ( s t r a i n remaining a f t e r unloading) of 5.2%. The t o t a l Fig. 1 . Instantaneous s t r a i n versus temperature f o r a U-Nb a l l o y during t h e reheat phase of t h e SME cycle. I n i t i a l imposed s t r a i n was 6.9%. 
imposed s t r a i n , Eo, was, i n t h i s case, approximately equal t o EL. The instantaneous n e t s t r a i n p l o t t e d i n t h i s f i g u r e s t i l l includes t h e thermal contribution, EE. The l a r g e decrease i n s t r a i n between 200°C and 300°C undoubtedly corresponded t o martens i t e reversion because t h i s temperature range compared favorably with t h e AS and AF temperatures of t h e a l l o y (7). I t i s immediately obvious t h a t t h e strain-temperature p a t t e r n became more complex and s h i f t e d t o higher s t r a i n values a s t h e heating r a t e was decreased. The magnitude of t h e s h i f t t o higher s t r a i n values indicated a severe degradation of SME. A s w i l l be discussed l a t e r , t h e emerging complexities i n t h e curves could be q u a l i t a t i v e l y correlated t o superimposed length changes accompanying time-dependent phase transformations which become a c t i v a t e d during the slower heating r a t e s .
The extent of t h e heating-rate-associated degradation of SME (and the e f f e c t of d i f f e r i n g amounts of imposed s t r a i n ) i s summarized i n Fig. 2 
. Here both t h e remnant s t r a i n and t h e t o t a l ER determined f o r each heating r a t e a r e p l o t t e d versus t o t a l s t r a i n . For the f a s t e s t heating r a t e (40 deglsec) ER equaled the remnant s t r a i n up t o 7% s t r a i n , t h e r e v e r s i b l e s t r a i n l i m i t .
From t h i s i t was concluded t h a t t h e a l l o y behaved more o r l e s s i d e a l l y from an SME viewpoint a s long a s t h e heating r a t e was high and t h e s t r a i n was l e s s than EL. A s u b s t a n t i a l drop i n ER a t a l l s t r a i n s was evident when the heating r a t e was slowed, p a r t i c u l a r l y f o r t h e slowest r a t e (0.05 deglsec). For example, a t a s t r a i n of 7%, ER dropped from 5.25% t o 1.3% when t h e heating r a t e was decreased from t h e f a s t e s t t o t h e slowest.
The degradation of ER caused by t h e o n s e t of copious amounts of p l a s t i c deformation when EL was exceeded was apparent f o r each h e a t i n g r a t e , b u t was c e r t a i n l y most pronounced a t t h e f a s t e r h e a t i n g r a t e s ; e.g. t h e decrease i n ER from a peak of 5.25% a t s t r a i n s between 7-9% down t o 2.9% a t s t r a i n s of 13% f o r a h e a t i n g r a t e of 40 deglsec. The r e s u l t s a t t h e h i g h e r h e a t i n g r a t e s a r e i n qualit a t i v e agreement with t h e e a r l i e r f i n d i n g r e p o r t e d f o r a U + 6.25 wt% Nb a l l o y ( 3 ) . Thus, t h e quenched U + 5.2 wt% Nb a l l o y d e v i a t e s from equilibrium both i n c r y s t a l s t r u c t u r e and s u p e r s a t u r a t i o n of s o l u t e . As such, t h e a l l o y responds r e a d i l y t o aging h e a t t r e a t m e n t s ( 8 ) . An understanding of t h e mechanisms of t h e v a r i o u s aging r e a c t i o n s i s s t i l l rudimentary, b u t a TTT diagram has been e s t a b l i s h e d f o r a U + 5.8
wt% Nb a l l o y using d i l a t o m e t r i c a n a l y s i s . T h i s diagram i s shown i n Fig. 3 . Fig. 3 . Timetemperaturetransformation diagram f o r a n e a r monotectoid U-Nb a l l o y . ( 9 ) . The product of t h i s transformation c o n s i s t e d of a l a m e l l a r m i c r o s t r u c t u r e of a-U and a niobium r i c h BCC y phase.
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Below 658K (385'C) an expansion accompanied aging. I n t h i s category t h e r e were a t l e a s t two overlapping transformations.
One of t h e s e , L1, i s thought t o r e p r e s e n t t h e formation of a time-dependent a" m a r t e n s i t e a t temperatures above t h e MS f o r athermally-formed a " (6). The o t h e r low temperature r e a c t i o n , c a l l e d L2 h a s k i n e t i c s and o t h e r c h a r a c t e r i s t i c s s u g g e s t i v e of a s o l u t e -s e g r e g a t i o n phenomenon.
Superimposed on t h e TTT diagram a r e t h e f o u r h e a t i n g r a t e s used i n t h i s research.
From t h e way t h e h e a t i n g r a t e curves o v e r l a y t h e v a r i o u s transformation regimes, i t was concluded t h a t t h e L-category t r a n s f o r m a t i o n s would c o n t r i b u t e i n c r e a s i n g l y a s t h e h e a t i n g r a t e was decreased d u r i n g t h e r e h e a t phase of t h e SME cycle. Category H r e a c t i o n s should a l s o b e observed, b u t only f o r t h e slower h e a t i n g r a t e s .
For SME t o b e i d e a l , t h e phase r e v e r s i o n s t a g e s d u r i n g r e h e a t should b e e x a c t l y t h e r e v e r s e of t h o s e t r a v e r s e d during t h e i n i t i a l quench; i . e . t h e r e v e r s e of Eqn. 4 . The i n t e r j e c t i o n of t h e time-dependent H and L t r a n s f o r m a t i o n s , however, a l t e r e d t h e sequence of s t a t e s through which t h e SME a l l o y passed and SME was n o t i d e a l i n t h a t case. For a v e r y slow h e a t i n g r a t e t h e following t r a n s f o rmation progression is proposed: a " + a " (a) + p p t + y
(5).
The exact n a t u r e of t h e i n t e r m e d i a t e s t a t e , however remains an open question. Intermediate h e a t i n g r a t e s would involve transformation p a t t e r n s t h a t a r e complex combinations of Eqns. 4 and 5 w i t h Eqn. 5 becoming i n c r e a s i n g l y important a s t h e h e a t i n g r a t e i s slowed.
To account f o r t h e degradation of ER t h e i n t e r j e c t i o n of time-dependent transformations during t h e r e h e a t i n g phase of t h e SME c y c l e e v i d e n t l y must involve s u b s t a n t i a l amounts of p l a s t i c deformation along t h e transformation path. A schematic, g r a p h i c a l p r e s e n t a t i o n of t h i s view i s d e p i c t e d i n Fig. 4 . I n t h i s Fig. 4 . Schematic r e p r e s e n t a t i o n of t h e s t r a i n c o n t r ib u t i o n s due t o aging transformations t h a t cause SME degradation.
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TEMPERATURE
f i g u r e t h e v a r i o u s s t r a i n c o n t r i b u t i o n s a r e p l o t t e d a s a f u n c t i o n of t e m p e r a t u r e , b o t h s e p a r a t e l y and combined.
The EE r e p r e s e n t s t h e thermal expansion of t h e a l l o y i n t h e absence of s t r a i n , ER r e p r e s e n t s t h e m a r t e n s i t e r e v e r s i o n s t r a i n F S i d e a l l y expected from a s t r a i n r e o r i e n t e d m a r t e n s i t e (Eqn. 4 p a t h ) , E and EL L r e p r e s e n t s t r a i n c o n t r i b u t i o n s due t o t h e low t e m p e r a t u r e L t r a n s f o r m a t i o n s f o r a h i g h and low h e a t i n g r a t e r e s p e c t i v e l y ( i n c l u d i n g t h e r e v e r s i o n t o y and r es o l u t i o n of t h e p r e c i p i t a t e a t h i g h t e m p e r a t u r e s ) , and EH r e p r e s e n t s a s i m i l a r c o n t r i b u t i o n from t h e h i g h t e m p e r a t u r e a g i n g t r a n s f o r m a t i o n .
The e x p e r i m e n t a l l y observed s t r a i n b e h a v i o r would b e a p p r o p r i a t e combinations of t h e s e . Thus, curve F 1 r e f e r s t o a f a s t h e a t i n g r a t e and i s t h e sum of EE, ER, and EL. Curves 2 and 3 would correspond t o t h e slower h e a t i n g r a t e s w i t h curve 2 b e i n g t h e sum of EE, ER, -and E : and curve 3 t h e same a s 2, b u t w i t h EH added. The s i m i l a r i t y of c u r v e s 1, 2, and 3 t o t h e experimental c u r v e s (Fig. 1 ) should b e a p p a r e n t . We conclude, t h e r e f o r e , t h a t i n t e r f e r i n g , time-dependent phase t r a n s f o r m a t i o n s can b e a s o u r c e of d e g r a d a t i o n of SME when t h e m a r t e n s i t e r e v e r s i o n t e m p e r a t u r e s a r e h i g h . Analogous behavior might b e a n t i c i p a t e d i n s e v e r a l of t h e copper-base SME a l l o y s t h a t have h i g h MS t e m p e r a t u r e s .
